Abstract. Detectability of damage using Lamb waves depends on many factors such as size and severity of damage, attenuation of the wave and distance to the transducers. This paper presents a detectability model for pitch-catch sensors configuration for structural health monitoring (SHM) applications. The proposed model considers the physical properties of lamb wave propagation and is independent of damage detection algorithm, which provides a generic solution for probability of detection. The applicability of the model in different environmental and operational conditions is also discussed.
Introduction
Effectively detecting barely visible impact damage (BVID) in carbon-fibre-reinforced polymer (CFRP) laminate composite structure has been one of the challenges in aircraft safety control and maintenance. In addition to the conventional non-destructive inspection (NDI) techniques such as ultrasonic scan and x-ray, structural health monitoring (SHM) techniques has been intensively studied as an in-situ NDI technique integrated with a structure to monitor its integrity state, which is more time efficient with less human involvement. SHM techniques use piezoelectric transducers attached to a structure to excite ultrasonic guided waves and capture the waves in this structure. Signals recorded at a pristine condition are used as baseline signals. Given the same environmental and operational conditions, changes in the signals compared to their baseline are caused by the existence of damage.
One of the most commonly used transducer configuration is pitch-catch where transducers are sparsely spaced on the structure and signals are interrogated with a round robin approach [1] [2] [3] [4] . Zhao et al [1] proposed an algorithm for probabilistic inspection of defects (RAPID) which sums a signal difference coefficient of pristine state signal and damage state signal in an elliptic pattern. A loose rivet, cracks and simulated corrosion defects were detected and located in an aluminum aircraft wing structure. Lu and Michaels [2] developed a detection strategy that delays and sums the received signals with a spatial rule at each point on the structure, known as delay and sum (DAS). A notch on an aluminum plate was successfully detected with 6 sensors. Sharif-Khodaei and Aliabadi [3] applied RAPID and DAS on a quasi-isotropic CFRP composite stiffened plates. They proposed a windowed energy arrival method which improved the localization accuracy of DAS by eliminating the boundary reflections and higher wave modes. Yan [4] proposed a Bayesian approach for time-of-flight (ToF) based damage localization considering the uncertainties of measurements. A simulated damage in a CRFP composite plate was accurately located.
To improve the detection efficiency, many studies were aimed at determining an optimal sensor placement with a limited number of transducers. Flynn and Todd [5] proposed a Bayesian approach for determining the optimal sensor placement by minimizing the Bayes risk of false positive and false negative detection error. Thiene et al [6] developed an algorithm to obtain the optimal sensor network with the maximum area coverage. Salmanpour et al [7] proposed a transducer placement optimization scheme for DAS algorithm. Lee and Staszewski [8] studied the optimal sensor placement by maximizing the interaction of the lamb wave with a defect. However, all the methods above were based on different objective functions describing the performance of a certain detection algorithm or a single damage scenario, which are unlikely to derive consistent results. To achieve a generic optimization result, an objective function describing the fundamental physical phenomena of lamb wave propagation should be used instead of algorithm based objective function. As the lamb wave feature is dependent of the material property of the target structure, the objective function should be applicable in those structures with the same material given the same environmental and operational conditions. This paper proposes a model of the detectability distribution of a transducer pair used in pitch-catch configuration based on the lamb wave attenuation and the relative position of transducers and a damage which can be used for defining a probability of detection map.
Experiment setup
A 2-mm thick CFRP composite plate consisting of 16 unidirectional Hexply 914-TS-5-134 plies with the layup sequence [0, 45, -45, 90]2s was used as the host plate. 9 DuraAct sensors were bonded on one side of the plate with Hexcel Redux 312 film. Signals were acquired at the pristine state. The details of the experiment can be found in [9] .
Lamb wave attenuation
The detectability of a transducer path at a point should be a function of the wave intensity at this point. Gresil and Giurgiutiu [10] has described the attention of a lamb wave using Rayleigh damping model:
where r is the distance between the actuator and the sensor, A is the amplitude of the signal, is the wave propagation equation, is the wave number, η is the wave damping coefficient, and is the angular frequency. The wave attenuation consists of geometric spreading, √ , and structural damping,
. Signals actuated at 50 kHz and 250 kHz were used for model evaluation. The group velocity of the lamb wave was measured with the time of signal arrival and transducer spacing distance, 1516.4 m/s and 6093.5 m/s correspondingly, which were essentially the A0 mode and the S0 mode of the lamb wave. As shown in Fig. 1 , the attenuation model fit very well with the first peak amplitude of each signal envelop. With this attenuation model, the received signal amplitude of a wave from an actuator passing an imaging point then to a sensor can be mapped with the corresponding travelling distance in elliptical pattern as shown in Fig. 2(a) . The experimentally obtained attenuation coefficients A and η for each excitation frequency should be applicable in the structures of the same material, layup, transducers, transducer attachment techniques and acquisition configuration. Additionally, the environmental conditions of the signal acquisition, especially the temperature, need to be the same. Alternatively, the attenuation coefficients at different environmental conditions can be derived for reference to reduce the requirement of accuracy in acquisition environment.
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Relative position of transducers and a BVID
A BVID in a CFRP laminate structure usually consists of delamination, matrix cracking and fibre breakage. The interaction between a BVID and lamb wave is very complicated due to the complexity of BVID. Existing studies of damage detection with pitch-catch configuration in CFRP plates has shown that a transducer pair whose direct path is close to a damage is more likely to be detected than those further away from a damage [1] [2] [3] [4] . A previous study [11] has identified this feature as reflection angle , which is the angle between incident wave direction and reflected wave direction at a point.
The reflection angle at a point is given by:
where is the distance from the actuator A and the point P, is the distance from the point P to the sensor S, and is the distance from the actuator A to the sensor S. The effect of the reflection angle at artificial damage in various locations was studied and it was indicated that the detectability decreases as reflection angle decreases. Therefore, an empirical relative-position index using the reflection angle (Eq. 2) at a point is proposed: (3) where is the largest reflection angle which occurs in the direct path of two transducers. This gives us a distribution of which has the maximum value of 1 in direct path and descends to 0 as the reflection angle decreases to 0, as shown in Fig. 2(b) . It should be note that is independent of the actual distance between the point and the transducers. Combing the lamb wave intensity (Eq. 1) with the empirical relative-position index (Eq. 3), the detectability index D of a transducer pair at a point is given by:
An example of the detectability distribution is shown in Fig. 2(c) . The highest value of detectability is equivalent to the highest value of lamb wave intensity on the direct path, where damage is most likely to be detected. The decrease of detectability on other points are determined by the attenuation of lamb wave and the relative position of pitch-catch configuration.
In the case where baseline signals are used, the proposed detectability distribution is applicable in the ideal situation where the environment and measurement conditions of the pristine state signal and current state signal are identical. The mismatch in environmental conditions, especially temperature as addressed in many studies [9, 12, 13] , has significant effect on the detection accuracy. One way of describing the environmental effects is to study the environmental effects on signals and their corresponding effects on detectability. Alternatively, compensation methods can be used to eliminate the temperature effects on signals and detection [9, 12, 13] .
Conclusion
This paper proposed a model to describe the spatial detectability of a pair of piezoelectric transducers used in pitch-catch scheme. The model consists of two components, one is the lamb wave intensity derived from spatial lamb wave attenuation, the other is the relative position of the transducers and the detecting point. The experimental determined attenuation coefficient is applicable for other structure with the same material properties, so as the detectability model.
